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Abstract
Simulation is an important method to investigate grinding temperature and prevent unwanted heat damages of workpiece by excessive grinding heat. Most previous numerical studies on grinding process analysis were based on finite element method, however, meshing is an arduous task especially for a complex geometry, and the convergence of finite element method has been proved to be bad in some cases. To address this, more numerical algorithms with higher adaptiveness and lower cost have been proposed such as meshless formulation. Meshless finite block method with double infinite element is a numerical method developed from meshless method. This method has higher accuracy and convergence. The grinding model is closer to the real fact. The mapping technique is used to transform a block of quadratic type from Cartesian coordinate () to normalized coordinate () with three or five seeds for double or single infinite element. The Lagrange series approximation is applied to construct differential matrices in normalized domain with nodes following Chebyshev's roots. The static and transient heat transfer processes were simulated by meshless finite block method with double infinite element, and a better convergence was demonstrated by comparison with the finite element method (ABAQUS). This study has also proved that the convergence depended on the workpiece feed velocity for both the present method and the finite element method. In addition, six different types of heat source were applied on simulating the grinding temperature field of titanium alloy TC4 and compared with experimental results, which shows that simulated result with triangular distribution heat source showed a good agreement with that of experiments.
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Nomenclature
	the depth of cut ()		Laplace transform parameter
	the width of wheel-workpiece contact area ()		the time ()
	specific heat capacity ()		the normalized time (see Fig. 4)
	the diameter of grinding wheel ()		observing period in time domain ()
	the expectation value of fit curve 1.		the temperature ()
	the tangential grinding force ()		the temperature of node  ()
	the tangential grinding force per unit wheel width ()		the initial temperature ()
	the dimensionless height of block  (see Fig. 3)		the temperature in Laplace transform domain ()
	the Heaviside function		the dimensionless temperature
	unit diagonal matrix		the grinding wheel speed ()
	the number of sample points		the workpiece feed velocity ()
	the half-length of heat source ()		coordinate system in physical domain
	the dimensionless length of block  (see Fig. 3)		the vertical coordinate value in at point  on fit curve  
	the dimensionless half-length of heat source		the thermal diffusivity ()
	the relative error of the residual sum of squares ()		boundary condition coefficient
	the total number of nodes		boundary condition coefficient
	unit outward normal vector		boundary condition
	the number of nodes along horizontal axis		the partition of the heat flowing into workpiece
	the number of nodes along vertical axis		the thermal conductivity ()
	shape functions		local coordinate system for heat source (see Fig. 2)
	the weight		the size coefficient of heat source (see Fig. 2(f))
	total grinding power generated in grinding zone ()		coordinate system in normalized domain
	the heat flux applied on wheel-workpiece contact surface ()		mass density ()
	the heat flux on boundaries ()		free normalized parameter
	the heat flux on boundaries in Laplace transform domain ()		the inclination angle of wheel-workpiece contact surface () (see Fig. 2)
	the influent heat to workpiece ()		physical domain
	the residual sum of squares		normalized domain
1.	Introduction
In grinding process, most of grinding energy is converted into heat [1], but too high a grinding temperature would make grinding wheel work improperly, and cause much thermal damage for workpiece[2]. However, it is difficult to measure the surface temperature of grinding area directly because the area is covered by grinding tools. To address this issue, many simulated efforts have been put forward to obtain the grinding temperature.
For analytical studies, Jaeger[3] calculated the analytical solutions of temperature for uniform distributed moving heat source. Based on Jaeger’s moving heat source model, Kuo and Lin[4] derived the general solutions for transient state. Hou and Komanduri[5] obtained the temperature rise for both transient and steady state with considering different shapes of heat source (elliptical, circular, rectangular and square) and different heat intensity distributions (uniform, paranolic and normal). Lavine[6] derived an exact solution for surface temperature of workpiece in down grinding. The depth of cut and the types of abrasives (aluminum oxide and CBN) are considered to explore the influence of the assumed grinding stage (wear flats or shear planes) to generate heat. Jiang et al. ADDIN EN.CITE [7-9] investigated the grinding temperature from the microscopic interaction between grains and workpiece material. The power that generated by single plowing and cutting grains is determined by the specific cutting force and cutting speed, and a new type of heat flux shape is deduced. Li and Axinte [1] built a stochastically grain-discretized model for grinding temperature map with considering the grain-workpiece micro interactions as well. The thermal information is highly-localized and at the grain scale, and the temperature map is measured based on thermocouple array.
For numerical studies, the grinding temperature prediction was conducted mainly by finite element method (FEM) owing to its strong capabilities for both material behaviors simulation and multi-physics coupling analysis[1]. Biermann & Schneider[10] simulated the grinding temperature of cemented carbide P25 with the uniformly distributed heat source and took convective cooling into consideration. Jin and Stephenson[11] performed 3D finite element method simulation of grinding temperature under high efficiency deep grinding (HEDG) conditions with considering the convective cooling of side wall. Anderson et al.[12] developed a shallow grinding model and a deep grinding model using the commercial finite element package ANSYS, and a grinding experiment on 1018 steel are carried out to validate the models. Li et al.[13] established a grinding heat transfer model using finite difference method with consideration of minimum quantity lubricant cooling. Some more powerful numerical models were also developed. Chen et al. [14] found that the tensile residual stresses was caused primarily by thermal stresses, and developed a transitional temperature model from compressive residual stress to tensile residual stress. The tensile residual stress was calculated numerically by MATLAB. Li et al.[15] developed a thermo-mechanical coupling model by finite element method with consideration of the temperature-dependent material properties.
Due to the complexity of meshing[16] and the convergence problem even in an isotropic solid[17] for finite element method, in recent years, the development of other numerical analysis methods has been achieved due to their high adaptiveness and low cost, such as boundary element method[18] and meshless method ADDIN EN.CITE [19-21]. Sladek et al.[22] conducted transient heat conduction analysis for continuously nonhomogeneous functionally graded materials by using meshless local boundary integral equation method.
The meshless finite block method (FBM) has some characteristics of the finite element method (FEM) and the boundary element method (BEM)[23]. The basic feature of the meshless FBM is that the physical domain is divided into several blocks (like elements in FEM) and the governing equation is applied on each block. Then the continuous conditions are used to connect every two neighboring blocks. Therefore, the accuracy should be higher than other meshless methods.
In the authors’ previous study [24], the meshless FBM was applied on moving heat source analysis for the first time. The static normalized simulated results were compared with Jaeger’s analytical solutions[3] and Malkin’s numerical solutions[25] with consideration of different machining parameters (the depth of cut, convection coefficient, and feed velocity). However, there still exists a problem to predict the grinding temperature especially for lower workpiece feed velocity due to the boundary conditions. So in the present study, the double infinite element was introduce into the FBM, which means all finite blocks are instead by blocks with infinite boundary. A block of quadratic type is transformed from Cartesian coordinate () to normalized coordinate () with 3 seeds or 5 seeds for single infinite element or double infinite element by using mapping technique. The differential matrices in normalized (mapping) domain is constructed by Lagrange series approximation, and the nodes of the differential matrices are following Chebyshev's roots. The differential matrices in physical domain are decided by that in normalized domain. The static and transient heat transfer process was analyzed by using the meshless finite block method with double infinite element (FBM-DIFE). The simulated results were compared with that of finite element method (ABAQUS), and the convergence of the meshless FBM-DIFE for both static and transient solutions was proved to be much better than FEM. 
In addition, the grinding temperature of titanium alloy TC4 was measured by two wire thermocouples method. The experimental result agreed with the FBM-DIFE results with triangular distribution heat source among six different types of heat source.

Fig. 1 The FBM-DIFE model for grinding process with five blocks
2.	The description of meshless finite block method with infinite element
FBM-DIFE is a meshless collocation method, which is developed by the Lagrange interpolation and mapping technique.[23, 26]. As shown in Fig. 1, The workpiece is divided into five parts (block I, block II, block III, block IV and block V). The continuous conditions are used to connect the joint blocks. the boundary conditions of area  are more consistent with the fact, because the heat transfer can be happened objectively at the boundary of area , rather than following a defined subjectively heat flux. The boundary conditions of area on the left, right and the bottom side are constant temperature at infinity.
2.1 Mapping technology with infinite element
The mapping technology is applied to transform block with irregular boundary in physical domain () into square blocks in normalized domain () with 3 seeds or 5 seeds. For block II, block III and block IV as shown in Fig. 1, the block in physical domain  can be mapped into a rectangle in normalized domain  by the mapping functions in Eq. GOTOBUTTON ZEqnNum116799  \* MERGEFORMAT (1) and Eq. GOTOBUTTON ZEqnNum945188  \* MERGEFORMAT (2).
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The shape functions are as follows:
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For block I and block V as shown in Fig. 1, the mapping functions of blocks with double infinite element can be written as Eq. GOTOBUTTON ZEqnNum318661  \* MERGEFORMAT (4) and Eq. GOTOBUTTON ZEqnNum106857  \* MERGEFORMAT (5).
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The shape functions for block I can be seen as Eq. GOTOBUTTON ZEqnNum517874  \* MERGEFORMAT (6)
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The shape functions for block V can be seen as Eq. GOTOBUTTON ZEqnNum995533  \* MERGEFORMAT (7)
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Taking block I as an example, the shape functions  have the following characteristics. As shown in Fig.1 (the mapping procedure), the coordinate values of seed  in normalized domain are seed 1, seed 2 and seed 3. For a middle or corner point in the normalized domain , if , the shape function  and . Similarly, the shape functions can also be solved when  and . If  or , the shape functions . Then the mapping functions (Eq.  GOTOBUTTON ZEqnNum116799  \* MERGEFORMAT (1), Eq.  GOTOBUTTON ZEqnNum945188  \* MERGEFORMAT (2), Eq.  GOTOBUTTON ZEqnNum318661  \* MERGEFORMAT (4) and Eq.  GOTOBUTTON ZEqnNum106857  \* MERGEFORMAT (5)) for corresponding blocks can be obtained.
The partial differentials of shape functions  with respect to normalized axes  and  were derived as Eq.  GOTOBUTTON ZEqnNum101067  \* MERGEFORMAT (8) and Eq.  GOTOBUTTON ZEqnNum563190  \* MERGEFORMAT (9) for block II, III, IV, Eq.  GOTOBUTTON ZEqnNum910411  \* MERGEFORMAT (10) and Eq.  GOTOBUTTON ZEqnNum690855  \* MERGEFORMAT (11) for block I and Eq.  GOTOBUTTON ZEqnNum278712  \* MERGEFORMAT (12) and Eq.  GOTOBUTTON ZEqnNum533086  \* MERGEFORMAT (13) for block V.
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Then the partial differentials of mapping functions with respect to  and  (Eq.  GOTOBUTTON ZEqnNum918586  \* MERGEFORMAT (21)) can be derived.

2.2 The Lagrange interpolations
As shown in Fig. 1 in the normalized domain, a series of nodes are collocated at , , where  are the number of nodes along axis  respectively. The number of total nodes is. Then, a function  can be obtained by applying Lagrange polynomials
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where
 		 MACROBUTTON MTPlaceRef \* MERGEFORMAT (15)
 		 MACROBUTTON MTPlaceRef \* MERGEFORMAT (16)
 is the nodal value,. The partial differential equations of  can be obtained as follows
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For smooth function , the first order partial differentials of which can be obtained as
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where 
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Then, substituting Eq. GOTOBUTTON ZEqnNum413294  \* MERGEFORMAT (17) and Eq. GOTOBUTTON ZEqnNum720034  \* MERGEFORMAT (18) into Eq. GOTOBUTTON ZEqnNum974267  \* MERGEFORMAT (19) and Eq. GOTOBUTTON ZEqnNum957359  \* MERGEFORMAT (20) gives
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Eq. GOTOBUTTON ZEqnNum492756  \* MERGEFORMAT (23) and Eq. GOTOBUTTON ZEqnNum154078  \* MERGEFORMAT (24) can be written, in matrix form, as
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where the vectors of the first partial differential nodal value  and , the vector of the nodal value , differential matrix, . 
The  order partial differentials with respect to both  and  are
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3.	Model description
3.1 Heat flux model 
The total grinding power generated in grinding zone can be expressed as 
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where  is the tangential grinding force,  is the tangential grinding force per unit wheel width,  is the grinding wheel speed,  is the half contact length of wheel-workpiece and  is the contact width of wheel-workpiece, and the total power generally flows into grinding wheel, chips, coolant and workpiece as heat[1, 27]. The heat flux could be expressed by several types (following rectangular distribution (a), triangular distribution (b and f), parabolic distribution (c), trapezoidal distribution (d) and Gaussian distribution (e)) as seen in Fig. 2  ADDIN EN.CITE [28-30], which are determined by Eq. GOTOBUTTON ZEqnNum621480  \* MERGEFORMAT (29), where  is the partition of the total heat flowing into the workpiece which can be obtained from Refs.  ADDIN EN.CITE [31-33]. The parameter  can be obtained by force dynamometer. In order to compare the effect of heat flux distribution on temperature, all heat flux models are designed providing the same influent heat  into workpiece, in which .

Fig. 2 Schematics of grinding heat with different types of heat source distribution
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3.2 Model of transient heat transfer process
The grinding model is based on the theory of moving heat source. The two-dimensional transient heat transfer governing equation in isotropic and continuously homogeneous media  without internal heat source is as follows: 
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The initial condition and the boundary conditions  are as below:
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where  is the temperature,  is thermal conductivity,  is specific heat,  is mass density,  is time,  is given function, is coordinate,  is unit outward normal vector, and  are coefficients of boundary conditions.
For transient heat conduction problems, the Laplace transform is applied on Eq. GOTOBUTTON ZEqnNum819159  \* MERGEFORMAT (30):
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with the boundary condition,
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and the Laplace transform is defined as
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in which  is the Laplace transform parameter.
	In the present study, the physical domain of the workpiece is divided into five blocks according to the boundary conditions, and the mapping technique and differential matrices is applied on each block, so the governing equation and the boundary condition in normalized domain can be obtained:
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in which  is the thermal diffusivity,  is the temperature vector of nodal value  in Laplace domain, and,  is unit diagonal matrix.
 	 MACROBUTTON MTPlaceRef \* MERGEFORMAT (36)
The continuous conditions between each two blocks are as follows
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The Durbin transformation [34] is applied to transform the Laplace domain into the time domain by
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where , and . By solving Eq. GOTOBUTTON ZEqnNum220163  \* MERGEFORMAT (35) to Eq. GOTOBUTTON ZEqnNum311727  \* MERGEFORMAT (38), the numerical solutions at each node can be obtained.
If thermal conductivity  and specific heat  are parameters changed with temperature, it will be changed to a nonlinear problem. The thermal diffusivity  can be written as . Then the governing equation with considering temperature-dependent parameters can be seen as Eq.  GOTOBUTTON ZEqnNum696032  \* MERGEFORMAT (39).
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The matrix form of Eq.  GOTOBUTTON ZEqnNum696032  \* MERGEFORMAT (39) is obtained as Eq.  GOTOBUTTON ZEqnNum258086  \* MERGEFORMAT (40)
	 	 MACROBUTTON MTPlaceRef \* MERGEFORMAT (40)
where ,  indicates the total number of nodes.
4.	Model validation by compared with FEM (ABAQUS)
The parameter  indicates the half length of heat source. As shown in Fig. 3 (b),  and  represent the length and the height of block II, block III and block IV. The normalized parameters for  and coordinate value  are introduced as and, in which. The normalized temperature is defined as , where  and  indicate the temperature and the initial temperature, and  indicates the heat flux applied on the workpiece. The time  is normalized to . The parameter  equals to 1 in the dimensionless analysis. The nodes for FEM are distributed uniformly as shown in Fig. 3 (a), and the nodes for FBM-DIFE follow Chebyshev's roots (Eq. GOTOBUTTON ZEqnNum657022  \* MERGEFORMAT (41)) as shown in Fig. 3 (b). the FBM-DIFE program was written by the FORTRAN language, and computed with double precision. Abaqus 6.14 is used to conduct FEM analysis with subroutine by FORTRAN for moving heat source.
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Fig. 3 The nodal distributions for (a) FEM (ABAQUS) (b) FBM-DIFE
4.1 The comparison of simulated results by meshless FBM-DIFE and FEM(ABAQUS)
The simulation of meshless FBM-DIFE was performed with the number of nodes  for each block. The dimension of block II, block III and block IV are  and. The middle node on the top in block III was chosen to indicate the relationship of transient value and static value during the grinding heat transfer process. The sample points number in Laplace transform domain and the observing time in the Durbin inversion method are chosen as  and  respectively. The heat flux was  with uniform distributed, where  is the Heaviside function. The initial condition is selected as .

Fig. 4 Normalized temperature variation for transient heat transfer process with different parameter L
As shown in Fig. 4, the normalized temperature of the node increased at the initial stage. Then it reached a static value and no longer changed. However, the closure speed depends on normalized parameter L (the feed velocity of workpiece). The temperature takes more time to achieve a balance for a lower workpiece feed velocity. Therefore, for short distance and low speed feed grinding, the difference of the results for static state and transient state should not be ignored.
	The comparison of FBM-DIFE and FEM (ABAQUS) results were carried out for transient values and static values. The nodes distributions of FBM-DIFE and FEM are shown in Fig. 3. The number of nodes was chosen as for each block, and the same node number per unit length was set for ABAQUS. The boundary conditions for FBM-DIFE in this case can be seen in Fig. 3 (b). The first type of heat source distribution () was applied as one of boundary conditions for block III. The DIFE boundary and IFE boundary means  at the infinity in the three directions (the positive and negative direction of x-axis and the negative direction of y-axis). The normalized initial temperature is defined as . In order to ensure the same boundary conditions, the positive and negative direction of x-axis and the negative direction of y-axis are set as long enough in FEM model, and the temperature of the three boundaries are defined as 0 as well. The moving heat source size and intensity () are the same as that in FBM-DIFE analysis. The heat conductivity coefficient , the density  and the specific heat capacity  are defined as 1, and the velocity of moving heat source is defined as 2 (for ) and 10 (for ) in FEM (ABAQUS) model. 

Fig. 5 The contour of transient temperature field for FEM (ABAQUS)
	In transient heat transfer process, for , the number of sample points and the observing time are chosen as  and  for both of FBM-DIFE and FEM models. The normalized temperature values at 0.5s, 1s and 2s are chosen to be compared. For , the parameters are selected as  and , and the results at 0.1s, 0.2s and 0.3s are observed, because it achieves the static value more rapidly for a larger L, which has been proved in Fig. 4. The contour of transient temperature field for FEM (ABAQUS) can be seen in Fig. 5. In static heat transfer process, the normalized temperature value at 35s () and 7s () are treated as the static value for FEM model. For FBM-DIFE model, the temporal term of Eq.  GOTOBUTTON ZEqnNum819159  \* MERGEFORMAT (30) is eliminated to obtain the static value.

Fig. 6 The transient and static temperature distribution of the top surface for FBM-DIFE (FBIF) and FEM at 

Fig. 7 The transient and static temperature distribution of the top surface for FBM-DIFE (FBIF) and FEM at 
	As shown in Fig. 6 and Fig. 7, The transient and static temperature distribution of the top surface for FBM-DIFE and FEM are examined for  and . The transient value converges to the static value for both FBM-DIFE model and FEM model. For , the results of FBM-DIFE model and FEM model show good consistency, while for , the difference becomes wide. That is due to the bad consistency of FEM (ABAQUS) especially for large parameter L or large feed velocity of workpiece, which will be demonstrated in Section 4.2.
	The static temperature distribution along the negative direction of  y-axis is also simulated, and the path is from the node with the highest temperature at the top surface to the node at the infinite. The results can be seen in Fig. 8. It is obvious that the difference is small for FBM-DIFE model and FEM model.

Fig. 8 The static temperature distribution along y-axis for FBM-DIFE (FBIF) and FEM at  and 
4.2 The convergence analysis of meshless FBM-DIFE and FEM(ABAQUS)
The convergences of FBM-DIFE and FEM were evaluated by using different number of nodes: 125 nodes (), 259 nodes(), 441 nodes() and 949 nodes(). Other conditions were the same as the case in section 4.2, including initial condition, boundary conditions, sample points number K and the observing time T. The results of the convergence analysis of FBM-DIFE and FEM are shown in Fig. 9 - Fig. 12, and the results at  (for ) and  (for ) were taken as transient values to be compared. 

Fig. 9 The convergence analysis of FBM-DIFE for 

Fig. 10 The convergence analysis of FEM for 


Fig. 11 The convergence analysis of FBM-DIFE for 

Fig. 12 The convergence analysis of FEM for 
For FBM-DIFE results in Fig. 9 and Fig. 11, it is obvious that the convergence is good for both static case (solid line) and transient case (dash line). Only in the case of 125 nodes at , the slight difference occurred. However, for FEM results in Fig. 10 and Fig. 12, the difference of the curves is remarkable for all four different nodal numbers, and there exists a huge difference between the result with 125 nodes and the result with 949 nodes especially for . Therefore, a preliminary conclusion can be drawn that the convergence of FBM-DIFE is better than FEM. The obtained simulated results are closer to the expected values by using FBM-DIFE with less nodes, so the computational expense is saved.
The residual analysis is carried out to quantitate the convergence. Because the temperature curves are based on different numbers of nodes, the interpolation technology was applied on curves in Fig. 9 to Fig. 12 to obtain the coordinate values of arbitrary point of each curve. The least square method was used to obtain the fit curves. Then, 73 uniformly distributed points were adopted for each fit curve, and the residual sum of squares Ri was obtained according to Eq. GOTOBUTTON ZEqnNum114712  \* MERGEFORMAT (42).
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where, i () indicates different fit curves (1 corresponds to the curve with 949 nodes; 2 corresponds to the curve with 441 nodes; 3 corresponds to the curve with 259 nodes; 4 corresponds to the curve with 125 nodes). Ri represents the residual sum of squares of two fit curves (curve 1 and curve i). For example, R3 represents the residual sum of squares of fit curve 1 and fit curve 3. j () indicates the point on one fit curve and n=73 for this case;  indicates the coordinate value in y-axis at point j on fit curve i; and  indicates corresponding weight.
In order to compare the residual sum of squares for different parameter L, the relative error of the residual sum of squares M was introduced as Eq.  GOTOBUTTON ZEqnNum447274  \* MERGEFORMAT (43) to compare the convergence. The results are as shown in Fig. 13.
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where  indicates the expectation value of fit curve 1.

Fig. 13 The comparison of the relative error Mi of different fit curves i for FBM-DIFE (FBIF) and FEM
It can be seen clearly from Fig. 13 that the relative error M4 for FBM-DIFE (0.0131% ( and static), 0.0265% ( and transient), 0.0879% ( and static), 0.2759%( and transient)) is smaller than that of M2 for FEM (0.0674% ( and static), 0.2072% ( and transient), 0.8119% ( and static), 2.8775% ( and transient)) at the same conditions, which means the deviation of the obtained normalized temperature curves by FBM-DIFE with 125 nodes are even smaller than that by FEM with 441 nodes. In addition, the convergence is sensitive to normalized  parameter L (or feed velocity). The convergence for  is worse than that for  for both FBM-DIFE and FEM, so it can be predicted that for larger normalized parameter L, the FEM model need more nodes to obtain a useful result.
Another example is employed to verify the speed of the convergence getting worse along with the increasing of parameter L as shown in Fig. 14. For curves obtained by FEM, a slight oscillation occurs in the wheel-workpiece contact area for , while for  and , the serious oscillation happens. For the solutions by FBM-DIFE, There is no any oscillation in the wheel-workpiece contact area even for .

Fig. 14 The transient () temperature distribution of the top surface for FBM-DIFE (FBIF) and FEM at ,  and 
5.	Grinding experiment and model validation
5.1 Experiment setup and simulated conditions
Rectangular titanium alloy TC4 workpiece ( ) have been employed to perform single-pass (down grinding) tests without cutting fluids, and the workpiece’s properties are shown in Table 1 [29]. The Thermal diffusivity can be solved by
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A disk-type resin bonded diamond grinding wheel () with 320 mesh of grain size is used in the grinding experiment. As seen in Fig. 15, the forces is measured by the dynamometer (Kistler 9257B with the sampling rate of 7kHz), and an A/D data acquisition card (National Instruments USB-6009 with the sampling rate of 40kHz) is utilized to capture temperature together with K type thermocouple. The workpiece is cooled to the ambient temperature before each trial.
Table 1 Material properties
Material	Heat conductivity coefficient  ()	Density  ( )	Specific heat capacity  ( )
Titanium alloy TC4	7.955	4500	526.3
Several of the most common used methods to measure the temperature of grinding area are photoelectric cells, thermal resistors, heat-sensitive paints, single wire thermocouples, two wire thermocouples (sheathed or unsheathed)[10] and infrared thermography  ADDIN EN.CITE [12, 35]. The two wire thermocouples was used in the present study as shown in Fig. 15. The bare thin foil thermocouples are separated by three mica plates to keep insulating from each other and the workpiece. The temperature signals can be captured once the thermocouples connected each other during the grain sweeping over (rubbing, ploughing or cutting) the workpiece.

Fig. 15 Experiment setup employed in the study and the schematic of two wire thermocouples
The number of nodes  for each block was applied in the FBM-DIFE simulation. As seen in Fig. 16. The boundary condition of the wheel-workpiece interface is . The ground and undressed of the top surface is regarded as adiabatic (). The rest of boundaries are infinite, and the boundary conditions are  at infinity. The initial temperature  is selected as 25 according to the experimental conditions. The contact area is treated as an arc rather than an oblique line as shown in Fig. 16. The contact arc length can be derived as , where  and  indicates the diameter of grinding wheel. Six types of heat source as shown in Fig. 2 and Eq. GOTOBUTTON ZEqnNum621480  \* MERGEFORMAT (29) were applied, but the directions of heat transfer into workpiece were perpendicular to the contact arc at each node. 

Fig. 16 The FBM-DIFE model of grinding process for Titanium alloy TC4
5.2 Experiment validation of FBM-DIFE model
The experimental and simulated results of grinding temperature can be seen in Fig. 17 at the depth of cut , the grinding wheel velocity  and the workpiece feed velocity  and . Although the simulated results of all heat source types have similar tendency, the results with triangular distribution heat source ((b) in Fig. 2) matched the temperature signals captured results best. Moreover, with the increasing of workpiece feed velocity, the grinding temperature reduces. The contours of simulated grinding temperature field with different heat source types for titanium alloy TC4 are shown in Fig. 18. The simulation is conducted at ,  and . The heat affected zone is a triangle for heat source 1, while others are arc. For heat source 4, it has the widest heat affected zone with the lowest temperature. However, for heat source 5 and 6, the heat affected zone is narrow, and the temperature is higher.

(a)

(b)
Fig. 17 Comparison of temperature signals captured results in the experiment and simulated results with six different heat source types: (a) at  of ,  of  and  of ; (b) at  of ,  of  and  of 

Fig. 18 The contour of simulated grinding temperature field by FBM-DIFE with six different heat source types.
6.	Conclusion
In this study, a meshless finite block method with double infinite element to predict the grinding temperature field has been proposed for the first time. The novelty of the FBM-DIFE is that the boundary of the block can be extended to infinity in two directions, and the influence of the boundary condition in arbitrary finite area can be minimized. The FEM (ABAQUS) simulation and experiment analysis were carried out to validate the better convergence and accuracy of the FBM-DIFE. The following conclusions can be drawn based on the reported study:
1. On the initial stage of grinding, the temperature increases gradually until a constant value. The time of the increasing process depends on workpiece feed velocity. The closure speed is getting faster along with the increasing of workpiece feed velocity.
2. The convergence of FBM-DIFE is much better than FEM (ABAQUS). All the deviations of the normalized temperature by FBM-DIFE are smaller than that by FEM at the same number of nodes and the same simulated conditions. The deviation by FBM-DIFE with 125 nodes (0.0879% for static, 0.2759% for transient) are even smaller than that by FEM with 441 nodes 0.8119% for static, 2.8775% for transient). The expected solutions can be solved by using FBM-DIFE with less nodes, which can save computational expense significantly due to a good convergence. 
3. The convergence is obviously affected by the increasing of the workpiece feed velocity, and the FEM need more nodes to keep its convergence for a higher feed velocity. For , the oscillation occurs in the wheel-workpiece contact area for FEM. For  and , the curves has an extremely serious oscillatory behavior for FEM, while almost no any oscillation occurs for FBM-DIFE at .
4. Six types of heat source were employed in the simulation. The comparison shows that the meshless FBM-DIFE results with triangular distribution heat source matched best with the experimental result. Moreover, the grinding temperature reduces with the increasing of workpiece feed velocity.
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